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(57) ABSTRACT 

A method and apparatus for measuring the vibration of rotat- 
ing blades, such as turbines, compressors, fans, or pumps, 
including sensing the return signal from projected energy 
and/or field changes from a plurality of sensors mounted on 
the machine housing. One or more of the sensors has a narrow 
field of measurement and the data is processed to provide the 
referenced time of arrival of each blade, and therefore the 
blade tip deflection due to vibration. One or more of the 
sensors has a wide field of measurement, providing a time 
history of the approaching and receding blades, and the data 
is processed to provide frequency content and relative mag- 
nitudes of the active mode(s) of blade vibration. By combin- 
ing the overall tip deflection magnitude with the relative 
magnitudes of the active modes, the total vibratory stress state 
of the blade can be determined. 

21 Claims, 3 Drawing Sheets 
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COMBINED AMPLITUDE AND FREQUENCY 
MEASUREMENTS FOR NON-CONTACTING 
TURBOMACHINERY BLADE VIBRATION 

CROSS-REFERENCE TO RELATED 5 

APPLICATIONS 

This application claims the benefit of U.S. Patent Applica- 
tion 61/1 86,5 10, filed Jun. 12,2009, the contents of which are 
incorporated herein by reference. 10 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made under Contract No. N68335-08- 15 
C-0215 with the U.S. Naval Air Warfare Center AD (LKE). 
Further development was also pursued under NASA Contract 
No. NNX08CC54P and NNX09CA34C. The Government 
has certain rights in this invention. 
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FIELD OF THE INVENTION 

The present invention relates a blade health monitoring 
system generally, and more particularly to a sensing system 
and a method for processing data from operating turboma- 25 
chinery to provide an accurate determination of turbomachin- 
ery blade stress. 

BACKGROUND 

30 

Expanded design and operational requirements for turbo- 
machineiy can push the system, subsystem, and component 
designs against the limits of their fatigue boundaries. This in 
turn raises the design complexity needed for expanded per- 
formance as well as the vibration sensitivity of the blade rows 35 
due to the expanded mission roles. The design trends for fans 
and compressors are seen in higher relative Mach number and 
tip speed, lower stage count, higher stage loading, and a lower 
radius ratio. This leads to thin, twisted, low aspect ratio blades 
with high steady stress levels, low foreign object damage 40 
margin, and stronger aerodynamic forcing functions. The end 
result is an integrally bladed rotor with low damping and low 
margin. The same trends are seen in turbines, with the added 
complexities of higher inlet temperatures, warmer cooling 
air, and more complex cooling schemes. With reduced mar- 45 
gins, more detailed characterization of current and potential 
turbomachinery systems is required. 

The disclosed embodiment of the present invention is an 
innovative blade health monitoring system capable of dra- 
matically improved classification of blade vibration response 50 
in terms of mistiming and closely spaced modes. This is 
needed because of limitations in the prior art for measuring 
blade response during operation. Strain gage surveys can 
provide usefi.il data to engineering teams, but are generally 
limited by several factors. First, the time and cost of strain 55 
gage testing is prohibitive for most circumstances. Strain 
gages have limited fatigue and durability, generally reducing 
the scope of planned vibration surveys. A limit to the number 
of available telemetry (or slip ring) channels also means that 
a small number of blades can be monitored at a given time. 60 

For these reasons, much of the prior art involves some form 
of Non-contacting Stress Measurement System (NSMS), also 
known as tip-timing. However, there are several technical 
challenges in NSMS that have limited the applicability of this 
technology for general purpose blade health monitoring. Two 65 
of the most pressing are the undersampling that is inherent in 
time-of-arrival data processing and the uncertainty that is 
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introduced by inferring, as opposed to calculating, the mode 
of vibration. Incorrect mode inferences are known to lead to 
order of magnitude errors in blade stress estimates. 

Significant advancements have been made in NSMS capa- 
bility by utilizing multiple blade tip sensors at predefined 
circumferential and axial locations. While this has somewhat 
reduced the uncertainty with identification of the vibration 
mode, the spatial resolution of such a system is limited to the 
deflection at the blade tip. Using a large number of blade tip 
sensors has also reduced the undersampling error, but this 
works against the real-world limits on the size, weight, and 
reliability of the measurement system as a whole. The use of 
multiple blade tip sensors is also strongly dependent on 
a-priori knowledge of the vibration modes that are present in 
order to determine the required number of sensors and their 
optimal locations. This dependency limits the adaptability of 
the system for general blade vibration surveys and HCF 
troubleshooting. 

SUMMARY 

One embodiment of the present invention provides a sens- 
ing system and a method for processing data from operating 
turbomachinery. The sensing system preferably comprises a 
plurality of sensors that are configured to direct energy 
towards or measure the field changes from the rotating blades, 
along with the associated receivers to detect the signal as 
modulated by the blade motion. Various embodiments of the 
plurality of sensors include, but are not limited to: (a) light 
sensors including, but not limited to white light and laser 
sensor, for example, that direct focused light beams and/or 
lines towards the blade and measure the reflected component, 
(b) radio frequency sensors that direct radar waves towards 
the blades and measure the frequency and phase modulation 
due to blade motion, and (c) eddy current, inductive, and 
capacitive sensors that react to objects moving through their 
generated field, responding to the moving object. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is one embodiment of an apparatus of the present 
invention that uses a combination of sensors with wide and 
narrow field of view to provide blade tip deflection and vibra- 
tion frequency measurements. 

FIG. 2 is an alternative embodiment of an apparatus to 
provide blade tip deflection and vibration frequency measure- 
ments. 

FIG. 3 is a method of combining blade tip deflection and 
vibration frequency measurements in accordance with one 
embodiment of the present invention. 

FIG. 4 is sample data that illustrates a method of combining 
blade tip deflection and vibration frequency measurements in 
accordance with one embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

This disclosure describes the best mode or modes of prac- 
ticing the invention as presently contemplated. This descrip- 
tion is not intended to be understood in a limiting sense, but 
provides an example of the invention presented solely for 
illustrative purposes by reference to the accompanying draw- 
ings to advise one of ordinary skill in the art of the advantages 
and construction of the invention. In the various views of the 
drawings, like reference characters designate like or similar 
parts. 
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FIG. 1 illustrates one embodiment of a sensing system 100 
for use on a turbomachinery blade 110 or other rotating 
blades, such as turbines, compressors, fans, or pumps, and 
comprising a processor 120, a reference probe 130, and one or 
more first sensors 140 configured with a narrow field of 5 
measurement to record high precision referenced arrival 
times for each individual blade tip 112 at the sensor location 
142. Changes in the referenced time of arrival are related by 
data processing methods to provide a total blade tip deflection 
due to vibration. Since the accuracy of the time of arrival is to 
defined by the rise time of the blade pass pulse, the effective 
measurement width of the narrow field sensor 140 is gener- 
ally and preferably equal to or less than the blade tip thick- 
ness. In addition, one or more second sensors 150 is config- 
ured with a wide field of measurement 152, sensing the blade 15 
110 at a distance as it rotates past the sensor 150 to provide a 
time history of the blade position. To produce a time history of 
the blade vibration, the effective measurement width of the 
wide field sensor is preferably on the order of the inter-blade 
spacing. Time and frequency domain data processing meth- 20 
ods effectively separate the contributions from the rigid body 
rotation and blade vibration, providing a spectrum of blade 
vibration magnitude. System data processing methods use the 
overall tip deflection magnitude along with the blade vibra- 
tion spectrum to calculate the modal contribution for each 25 
mode of vibration that is present. 

While FIG. 1 illustrates one sensor 140 having a narrow- 
field of measurement and one sensor 150 having a wide field 
of measurement, it will be appreciated that other combina- 
tions are possible. For example, one embodiment (not shown) 30 
may include one sensor having a narrow field of measurement 
combined with a plurality of sensors having a wide field of 
measurement. Similarly, one embodiment (not shown) may 
include one sensor having a wide field of measurement com- 
bined with a plurality of sensors having a narrow field of 35 
measurement. 

A variety of different types of sensors may be used. In one 
embodiment, at least one of the first or second sensors is a 
light sensor that directs focused light beams and/or lines 
towards the turbomachinery blade and measures the reflected 40 
component. Such light sensor may be, for example, a white 
light sensor or a laser. Other types of light-based sensors are 
possible. In another embodiment, at least one of the first or 
second sensors is a radio frequency sensor that directs radar 
waves towards the turbomachinery blade and measures the 45 
frequency and phase modulation due to blade motion. In 
another embodiment, at least one of the first or second sensors 
is an eddy current, inductive, or capacitive sensor that reacts 
to objects moving through their generated field, respondingto 
the moving object. Alternatively, a combination of different 50 
types of sensors may be used for each of the first and second 
sensors. 

FIG. 2 illustrates yet another embodiment of a sensing 
system 200 for use on a turbomachinery blade 210 or the like 
and comprising a processor 220, a reference probe 230, one or 55 
more first sensors 240 configured with a narrow field of 
measurement, and one or more second sensors 250 config- 
ured with a wide field of measurement, wherein the first and 
second sensors 240 and 250 are housed within a common 
sensor casing 260. While not illustrated or specifically 60 
described herein, other combinations are contemplated. 

In the embodiments of FIGS. 1 and 2, the reference probe 
and sensors are directly connected to the processor. However, 
it will be appreciated that an indirect connection is also pos- 
sible. For example, the processor may be situated in a differ- 65 
ent location relative to the blade being tested, and the sensors 
may be connected to the processor through a LAN or WAN 
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(such as the Internet), whereby the sensors are equipped with 
transmitters that wirelessly communicate signals to a receiver 
associated with the processor. In another example (not 
shown), the sensors may be connected to a portable digital 
device such as a handheld device that communicates the 
sensor data to a central processor at some predetermined 
location onsite or in a remote location, which can be benefi- 
cial if the blade cannot be transported to the facility in which 
the central processor is housed, or if the blade is housed in a 
dangerous location and movement of the blade would be 
difficult or undesirable. Other arrangements are possible. 

Embodiments of the method and apparatus described over- 
come various turbomachinery measurement challenges rela- 
tive to the prior art. One area of prior art to those in the field, 
namely the traditional tip-timing method, has been validated 
in terms of blade deflection but can be problematic when it 
comes to mode identification and therefore suffer from an 
unacceptable total measurement uncertainty. The second area 
of prior art, sensing systems with a wider field of view, have 
been effective in providing frequency content but are error 
prone when applied to turbomachinery due to the interaction 
between the complex speed-dependent blade shape and the 
changes in the projected energy and/or sensor field. The 
method and apparatus of the embodiments described herein 
use a combination of blade tip deflection measurements along 
with wide view frequency measurement to provide a more 
accurate determination of turbomachinery blade stress. 

FIG. 3 illustrates one embodiment of a method for deter- 
mining the total stress state of a rotating turbomachinery 
blade, for example, the method generally comprising associ- 
ating at least one first sensor with a turbomachinery blade, the 
at least one first sensor having a narrow field of measurement, 
determining blade tip time of arrival data from the at least one 
first sensor, associating at least one second sensor with a 
turbomachinery blade, the at least one second sensor having a 
wide field of view, and determining amplitude, frequency and 
phase data from the at least one second sensor. More specifi- 
cally, data from the one or more narrow field sensors is 
acquired (310a) and processed to determine the referenced 
time of arrival of each blade (320a), and therefore its blade tip 
deflection due to vibration (330a). This process is similar to 
the single degree of freedom (SDOF) and multiple degree of 
freedom (MDOF) methods known to one skilled in the art. 
The resulting deflection value is the total deflection at the tip, 
and includes the sum of all synchronous and asynchronous 
modes that are present. At the same time, the data from the 
one or more wide field sensors is acquired (3106) and pro- 
cessed to determine the Fourier spectrum of blade vibration. 
This spectrum contains the individual blade frequencies 
(320 6) that are actively vibrating as well as the relative mag- 
nitudes (3306) of each of those active modes of vibration. 

Using the total blade tip amplitude (330a) from the one or 
more narrow field sensors along with the relative magnitude 
of each active mode (3306) from the one or more wide field 
sensors, the method further comprises the decomposing (340) 
of the total deflection into the separate contributions from 
each of the individual modes of vibration that are actively 
present. The known blade vibratory relative stress distribu- 
tions forthe active modes (350) are then used to determine the 
absolute stress distributions for each active mode (360). 
Finally, by combining the individual spectral components, 
the total vibratory stress state of the blade is determined 
(370). 

FIG. 4 illustrates one example of data that is used in one 
embodiment of a method for determining the total stress state 
of a rotating turbomachinery blade. The time of arrival data 
from at least one sensor having a narrow field of measurement 
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is processed in the time domain to determine the blade tip 
deflection from the deviation between the expected versus 
actual time of arrival. The data from at least one sensor with 
a wide field of measurement is processed in the frequency 
domain to provide a vibration spectrum for the blades, which 
indicates the individual blade frequencies that are active at 
any given time as well as their relative magnitudes. The 
individual stress contributions from the active vibration 
modes are then determined as described, for example, in the 
method set forth in FIG. 3. 

While the present invention has been described at some 
length and with some particularity with respect to the several 
described embodiments, it is not intended that it should be 
limited to any such particulars or embodiments or any par- 
ticular embodiment, but it is to be construed with references 
to the appended claims so as to provide the broadest possible 
interpretation of such claims in view of the prior art and, 
therefore, to effectively encompass the intended scope of the 
invention. Furthermore, the foregoing describes the invention 
in terms of embodiments foreseen by the inventor for which 
an enabling description was available, notwithstanding that 
insubstantial modifications of the invention, not presently 
foreseen, may nonetheless represent equivalents thereto. 

What is claimed is: 

1. A method of measuring the vibration of a blade com- 
prising: 

a) associating at least one first sensor with a blade, the at 
least one first sensor having a narrow field of measure- 
ment; 

b) determining blade tip time of arrival data from the at 
least one first sensor to determine a total blade tip deflec- 
tion; 

c) associating at least one second sensor with the blade, the 
at least one second sensor having a wide field of view: 

d) determining amplitude, frequency and phase data of the 
blade from the at least one second sensor; 

e) determining, by the processor, the vibration of the blade 
using the blade tip time of arrival data and the amplitude, 
frequency and phase data; and 

f) decomposing, by the processor, the total blade tip deflec- 
tion into a deflection contribution due to each of the 
individual active mode of vibration of the blade. 

2. The method of claim 1, further comprising using the 
amplitude and phase data to determine the relative magni- 
tudes of the active modes of vibration of the blade prior to the 
step of decomposing the total blade tip deflection into a 
deflection contribution due to each of the individual active 
modes of vibration of the blade. 

3. The method of claim 1, further comprising the step of 
using known blade vibratory relative stress distribution of the 
blade to determine a stress contribution due to each of the 
individual active modes of vibration of the blade. 

4. The method of claim 3, further comprising using spectral 
component combination to determine a total vibratory stress 
state of the blade. 

5. The method of claim 3, further comprising using known 
or separately determined centrifugal stress distribution of the 
blade to determine a combined stress state of the blades. 

6. The method of claim 1, wherein at least one of the first or 
second sensors is a light sensor that directs light beams and/or 
lines towards the blade and measures a reflected component, 
wherein the light sensor further comprises one of a while light 
or laser. 

7. The method of claim 1, wherein the at least one first 
sensor and the at least one second sensor is housed within a 
common casing. 
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8 . The method of claim 1 , wherein at least one of the first or 
second sensors is a radio frequency sensors that direct radar 
waves towards the blade and measures the frequency and 
phase modulation due to blade motion. 

5 9 . The method of claim 1 , wherein at least one of the first or 

second sensors is an eddy current, inductive, magnetic or 
capacitive sensor that reacts to the blade moving through a 
generated field, responding to the moving blade. 

10. A method of measuring the vibration of a blade com- 

10 . . 

prising: 

a) associating at least one first sensor with a blade, the at 
least one first sensor having a narrow field of measure- 
ment; 

15 b) determining blade tip time of arrival data from the at 
least one first sensor; 

c) associating at least one second sensor with the blade, the 
at least one second sensor having a wide field of view; 

d) determining amplitude, frequency and phase data of the 

20 blade from the at least one second sensor; 

e) determining, by the processor, the vibration of the blade 
using the blade tip time of arrival data and the amplitude, 
frequency and phase data; 

f) using the time of arrival data to determine a total blade tip 

25 deflection; 

g) using the amplitude and phase data to determine the 
relative magnitudes of the active modes of vibration of 
the blade; and 

h) decomposing, by the processor, the total blade tip 

30 deflection into a deflection contribution due to each of 

the individual active modes of vibration of the blade. 

11 . The method of claim 10, further comprising the step of 
using known blade vibratory relative stress distribution of the 
blade to determine a stress contribution due to each of the 

35 individual active modes of vibration of the blade. 

12. The method of claim 11, further comprising using 
spectral component combination to determine a total vibra- 
tory stress state of the blade. 

13. The method of claim 11, further comprising using 

40 known or separately determined centrifugal stress distribu- 
tion of the blade to determine a combined stress state of the 
blades. 

14. The method of claim 10, wherein at least one of the first 
or second sensors is a light sensor that directs light beams 

45 and/or lines towards the blade and measures a reflected com- 
ponent, wherein the light sensor further comprises one of a 
while light or laser. 

15. The method of claim 10, wherein the at least one first 
sensor and the at least one second sensor is housed within a 

50 common casing. 

1 6 . The method of claim 1 0, wherein at least one of the first 
or second sensors is a radio frequency sensors that direct radar 
waves towards the blade and measures the frequency and 
phase modulation due to blade motion. 

55 17. The method of claim 10, wherein at least one of the first 

or second sensors is an eddy current, inductive, magnetic or 
capacitive sensor that reacts to the blade moving through a 
generated field, responding to the moving blade. 

18. The method of claim 10, wherein the blade has a blade 

60 tip thickness, and the at least one first sensor has an effective 

measurement width of substantially equal to or less than the 
blade tip thickness. 

19. The method of claim 10, wherein the blade further 
comprises a plurality of blade segments having a spacing 

65 defined therebetween, and wherein the at least one second 
sensor has an effective measurement width on the order of the 
inter-blade spacing. 
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20. A method of measuring the vibration of a blade com- 
prising: 

a) associating a first sensor with a blade, the first sensor 
having a narrow field of measurement; 

b) determining a total blade tip deflection from the first 5 
sensor; 

c) associating a second sensor with the blade, the second 
sensor having a wide field of view; 

d) determining at least one of the group of amplitude, 
frequency and phase data of the blade from the second to 
sensor; 

e) calculating, by the processor, the total vibrations of the 
blade from the data from the first and second sensors; 
and 

f) decomposing, by the processor, the total blade tip deflec- 15 
tion into a deflection contribution due to each of the 
individual active modes of vibration of the blade. 

21 . The method of claim 20, wherein said first sensor has a 
field of view less than 60 degrees, and wherein said second 
sensor has a wide field of view of more than 100 degrees. 20 



